evolution (Hoekstra & Coyne, 2007) . Therefore, it remains elusive which mainly contributes to parallel phenotypic evolution, differential gene expression or protein sequence evolution.
If the contribution of the parallel evolution of gene expression to phenotypic convergence is prevalent, we can predict that many genes would be repeatedly up-or down-regulated in one ecotype compared to another in independent lineages. Consistent with this prediction, some of the previous transcriptome studies showed parallel transcriptome evolution between the low-and the high-latitude populations of Drosophila melanogaster and D. simulans and between the marine and freshwater ecotypes of stickleback (Hart, Ellis, Eisen, & Miller, 2018; Zhao, Wit, Svetec, & Begun, 2015) . However, other studies failed to show significant parallel patterns between the wild and weedy populations of Helianthus annuus (Lai, Kane, Zou, & Rieseberg, 2008) or revealed not only parallel, but also antiparallel patterns (i.e., ecotypes in different lineages showed opposite direction of differential expression) between the normal and dwarf morphs of whitefish (Derome, Duchesne, & Bernatchez, 2006) and between the lake and stream ecotypes of stickleback (Hanson, Hu, Hendry, & Barrett, 2017) . Further analysis on different systems is, therefore, essential for a better understanding of the prevalence of parallelism in transcriptome evolution.
Differential gene expression can be caused by both cis-regulatory changes, such as changes in promoters, enhancers, and silencers, and trans-regulatory changes, such as upstream physiological differences and changes in transcription factors. Cis-regulatory mutations alter only one or a few nearby genes, whereas trans-regulatory mutations can change the expression of multiple genes simultaneously (Carroll, 2005; Stern, 2000; Wittkopp & Kalay, 2012; Wray, 2007) . Therefore, even if parallelism is observed in the expression of many genes, it is not certain whether they are caused by many cis-regulatory mutations across the genome or a few pleiotropic trans-regulatory mutations. Although a previous study indicated that trans-regulatory changes contribute more to parallel evolution than cis-regulatory changes (Hart et al., 2018) , we do not know how general this pattern is.
The threespine stickleback (Gasterosteus aculeatus) serves as a great model for the study of parallel evolution because its ancestral marine populations independently colonized diverse freshwater habitats in multiple geographical regions (Bell & Foster, 1994; Mckinnon & Rundle, 2002; Wootton, 1976) . It is well established that the populations that independently colonize freshwater habitats show similar phenotypic divergence in morphological (Bell & Foster, 1994; Walker, 1997) , behavioral (Boughman, Rundle, & Schluter, 2005; Dingemanse et al., 2007; Foster, 1995) , and physiological traits (Dalziel, Ou, & Schulte, 2012; Dalziel, Vines, & Schulte, 2011; Kitano et al., 2010; Morozov, Leinonen, Merilä, & Mccairns, 2018) . Cis-regulatory mutations are shown to underlie the parallel evolution of several morphological traits in freshwater populations (Chan et al., 2010; Cleves et al., 2014; Miller et al., 2007; O'Brown, Summers, Jones, Brady, & Kingsley, 2015) . Furthermore, the wholegenome sequence comparison revealed that the divergence sites between marine and freshwater ecotypes were more often found in non-coding regions than in coding regions, suggesting that differential gene expression contributes more to adaptive evolution than protein sequence evolution (Jones, Grabherr, et al., 2012) . Two previous studies examined the parallel patterns of genome-wide transcriptome evolution in sticklebacks. The transcriptome analysis of dental tissues in marine and freshwater populations showed parallel transcriptome evolution (Hart et al., 2018) . In contrast, another study on the livers of lake-stream sticklebacks showed not only parallel patterns, but also antiparallel patterns . Further tests of transcriptome parallelism using different stickleback systems are, therefore, essential for a better understanding of the prevalence and mechanisms of the parallel evolution of transcriptome.
Here, we first tested parallelism in brain transcriptome using the marine and stream ecotypes of Japanese and Canadian threespine stickleback. The freshwater populations in these two geographical regions were likely derived independently (Colosimo et al., 2005; Schluter, Clifford, Nemethy, & Mckinnon, 2004) . We chose brain as the target tissue, because it controls many physiological and behavioral traits associated with migration and osmoregulation that are known to differ between these two ecotypes (Kitano, Ishikawa, Kume, & Mori, 2012) . Next, we investigated the genetic architecture underlying transcriptome divergence between marine and stream ecotypes. To this end, we re-analyzed the data of the previously conducted expression quantitative trait locus (eQTL) analysis of the Canadian pair of marine and stream ecotypes .
| MATERIAL S AND ME THODS

| Analysis of parallel and antiparallel patterns of transcriptome using microarray data
The Japanese crosses were made from wild-caught fish: The Japanese marine and stream ecotypes were collected from Akkeshi (Kitano et al., 2009; Ravinet et al., 2018) and Gifu (Cassidy, Ravinet, Mori, & Kitano, 2013; Ravinet, Takeuchi, Kume, Mori, & Kitano, 2014) , respectively. The Canadian pure crosses of both marine and stream ecotypes were made from laboratory colonies originated from the Little Campbell River in Canada (Hagen, 1967) . The fish were maintained at 10% seawater (3.5 ppt salinity) and 16°C under a short photoperiod (LD 8:16) . They were fed live brine shrimp. The fish were maintained at 10% seawater, because both marine and stream ecotypes are healthy under this salinity condition (Heuts, 1947; Kusakabe et al., 2017) . The reason why we used the fish kept under the short photoperiod condition was that the marine sticklebacks generally spend winter in the sea and summer in fresh or brackish water, making the habitat differences between ecotypes the most apparent during winter in nature, and the winter condition can be partially simulated by a short photoperiod in the laboratory (Baggerman, 1957; Kitano et al., 2010 Kitano et al., , 2012 .
The microarray experiments of the Canadian pair have already been reported previously . All experiments of the Japanese populations were conducted using the same protocol as for the Canadian pair. Briefly, whole brains were dissected out after euthanasia with MS-222 and stored in RNAlater Stabilization Solution (Thermo Fisher Scientific, Waltham, MA, USA). Total RNA was isolated using an RNeasy Mini Kit (QIAGEN, Hilden, Germany).
The microarray experiments were conducted at the DNA Chip Research Institute (Yokohama, Kanagawa, Japan) using the Agilent custom array containing 48,272 unique oligonucleotide probes representing 20,804 genes Kitano et al., 2011) . To investigate overall patterns of transcriptome variations among the Japanese and Canadian populations, we conducted a principal component (PC) analysis and a permutational multivariate analysis of variance (PERMANOVA). For these analyses, the probes whose signals were not significantly higher than the background (3,051 probes) in at least one sample were removed. The PC analysis was conducted using a correlation matrix with the princomp function in R as described previously .
For PERMANOVA, a distance matrix was calculated using the Pearson method implemented in the R amap package (http://cran. irsn.fr/web/packages/amap/amap.pdf), and the distance matrix was analyzed for PERMANOVA with the R vegan package (https:// cran.ism.ac.jp/web/packages/vegan/vegan.pdf), as described previously (Takeuchi, Ishikawa, Oda, & Kitano, 2018) . The significance of PERMANOVA was calculated using 25,000 permutations.
The differentially expressed genes (DEGs) were screened by applying the Student's t-test on the normalized signals using the CLC Genomics Workbench 6.5 (QIAGEN). The DEGs were screened separately for the Japanese and the Canadian pairs, and the false discovery rate (FDR) < 0.05 was used as the significance threshold. The DEGs that were found in both pairs of Canada and Japan and showed the same direction of difference between ecotypes were called parallel DEGs. The DEGs that were shared between the Canadian and Japanese pairs but showed the opposite direction of difference (i.e., higher in the marine ecotype than in the stream ecotype in one region, but higher in the stream ecotype than in the marine ecotype in another region) were called antiparallel DEGs. The significance of the overlap between the DEGs in the Canadian and Japanese pairs was tested with the hypergeometric test using the phyper function in R.
| Characterization of differentially expressed genes
An enrichment test of the Gene Ontology (GO) terms was conducted using the hypergeometric test implemented in the goseq R Bioconductor package (Young, Wakefield, Smyth, & Oshlack, 2010) .
Although goseq can take the gene length into account to remove the gene length bias in RNA sequencing, no length bias exists for a microarray dataset; therefore, we did not use the length correction.
The GO terms found in two or more DEGs with p < 0.05 were reported to be significant here. The GO terms annotated with stickleback genes were downloaded from Ensembl BioMart (Kinsella et al., 2011) .
To investigate whether the parallel DEGs were also differentially expressed in other tissues, we used the previously published microarray data of the gills from the same Canadian pair kept in 10% seawater . To further investigate whether the parallel DEGs were also differentially expressed between the marine and freshwater populations from other geographical regions, we used two other previous studies. One was the RNA-sequencing data of the gills of the Russian marine and lake populations cultured in both freshwater and seawater (Artemov et al., 2017) . Another was the RNA-sequencing data of the kidneys of the Californian marine and lake populations cultured in seawater (Wang et al., 2014) .
| Analysis of the genetic architecture of transcriptome divergence in the Canadian pair
To investigate the genetic basis of the parallel DEGs in the Canadian pair, we used the previous eQTL analysis data, which were obtained by performing RNA sequencing and linkage mapping of an F 2 intercross between the same Canadian marine and stream ecotypes . This F 2 family contained 64 males and 42 females. Using these data, we specifically determined whether significant eQTLs were localized on the same chromosome as the transcripts. All eQTLs located on a different chromosome are trans-regulatory eQTLs, whereas eQTLs located on the same chromosomes include both cis-and trans-regulatory eQTLs. For comparison, we also analyzed the antiparallel DEGs and the DEGs detected only in the Canadian pair (FDR < 0.05), but not in the Japanese pair (p > 0.05 for any probes).
To find significant eQTLs, we first calculated the logarithm of the odds (LOD) scores for each transcript and picked up the transcripts whose LOD peaks were larger than 3.0 using R/qtl (Broman, Wu, Sen, & Churchill, 2003) . Subsequently, for each transcript with LOD > 3.0, we conducted 1000 genome-wide permutations and determined the significance threshold at p = 0.05. The eQTLs with the LOD scores larger than the significance thresholds were considered significant.
Next, we investigated whether the significant eQTLs were located on the same chromosome as the transcript. Some transcripts were located on the scaffolds of the Ensembl BROADS1 reference sequence (Jones, Grabherr, et al., 2012) . To maximize the power of our analysis, we used the information that some scaffolds could be recently anchored to specific chromosomes by performing highresolution linkage mapping and Hi-C analysis (Glazer, Killingbeck, Mitros, Rokhsar, & Miller, 2015; Peichel, Sullivan, Liachko, & White, 2017) . The percentage of variance explained (PVE) by each eQTL was calculated using the fitqtl function in R/qtl (Broman et al., 2003) .
| RE SULTS
| Parallel gene expression
The PC analysis showed that the transcriptome differed between the regions along PC1 (Figure 1a ; ANOVA, effect of region, F 1,12 = 430.25, p = 9.11 × 10 −11 ), explaining 36.89% of the total variance. In contrast, the ecotypes differed along PC2 (Figure 1a; F 1,12 = 847.46, p = 1.68 × 10 −12 ), explaining 14.06% of the total variance. PC3 and PC4 did not separate the transcriptome into different regions or different ecotypes (Supporting Information Figure S1 ).
The magnitude of difference in PC2 between ecotypes was apparently higher in the Japanese comparison than in the Canadian comparison (Figure 1a) , and the interaction between region and ecotype was significant for PC2 (F 1,12 = 418.31, p = 1.07 × 10 −10 ).
A PERMANOVA of all samples showed that the region explained 53.05% of the total transcriptome variance (F = 34.28, p < 4 × 10 −5 ), while the ecotype explains 9.74% of the total variance (F = 9.74, p = 0.00032). The interaction between region and ecotype explained 8.60% of the variance (F = 8.60, p = 0.00024). Taken together with the PC analysis, some ecotype-dependent differences in gene expression were shared between regions, despite the likely presence of locality-dependent differences.
Screening for DEGs between ecotypes in the Japanese pair revealed that 1,759 genes were expressed at higher levels in the marine ecotype than in the stream ecotype, while 2,024 genes were expressed at higher levels in the stream ecotype than in the stream ecotype ( Figure 1b ). In the Canadian pair, 401 genes were expressed at higher levels in the marine ecotype than in the stream ecotype, and the same number of genes (401 genes) were expressed at higher levels in the stream ecotype than in the marine ecotype. The Japanese and Canadian pairs shared 174 DEGs (Table 1) 
| Characterization of differentially expressed genes
The GO analysis showed several GO terms enriched in parallel DEGs (Table 2 ). For example, the genes encoding enzymes that use pyridoxal phosphate, the activated form of vitamin B 6 , as a co-factor were highly expressed in stream ecotypes. Two of them (CSAD and CTH) are involved in taurine biosynthesis (see Discussion).
Two genes encoding the enzymes involved in the hydrolysis of Oglycosyl compounds (GLA and HEXDC) were also highly expressed in stream ecotypes. The screening for the parallel DEGs with the fold change >2 in both Japanese and Canadian comparisons revealed two genes highly expressed in the marine ecotypes (ATRNL1 and DIABLO) and six genes highly expressed in the stream ecotypes (GPR22, IGFLR1, VPS53, STAT3, CSAD, and GLA; Table 3 ).
Next, we investigated whether these parallel DEGs were also differentially expressed between the marine and freshwater ecotypes in other tissues. The majority of genes did not show consistent differences between ecotypes (Supporting Information Table S1 ), but CSAD showed consistently higher expression in freshwater ecotypes than in marine ecotypes in the gills of the Canadian and Figure S2 ). These results indicate that the high expression of CSAD may be generally important for freshwater adaptation in sticklebacks.
Russian populations as well as in the kidneys of the Californian populations (Supporting Information
| Genetic basis of transcriptome evolution in the Canadian pair
The majority of parallel DEGs were controlled by eQTLs located The eQTL analysis of the parallel DEGs listed in Table 2 showed that four genes (IGFLR1, CSAD, GLA, and DIOBLO) were controlled by eQTLs located on the same chromosomes as the target genes, and only TA B L E 2 Gene Ontology terms enriched in genes differentially expressed in parallel (parallel DEGs) one gene (ATRNL1) was controlled by a significant eQTL on a different chromosome (Supporting Information Table S2 ), while no significant eQTLs were found for three genes (GPR22, VPS53, and STAT3).
Among the genes with significant eQTLs, CSAD had the highest LOD score (32.0) with a PVE of 75.44% (Figure 3 ). The CSAD expression was mapped on Chr12 (Figure 3) , and the single nucleotide polymorphism (SNP) marker closest to the LOD peak was at 12,329,791 bp in Ensembl BROADS1, corresponding to 8,600,381 bp in the corrected coordinate of Glazer et al. (2015) . Because the CSAD gene is located at 11,745,600-11,761,978 bp (9,168,194-9,184 ,572 bp in the corrected coordinate), the eQTL peak is close to the gene itself, suggesting the role of cis-regulatory mutations.
| D ISCUSS I ON
| Patterns of transcriptome variations
Overall, the gene expression divergence in the brain between marine and stream ecotypes showed parallel patterns between Japan and Canada. The number of parallel DEGs was significantly higher than that of the antiparallel DEGs. Interestingly, however, we found more DEGs in the Japanese pair than in the Canadian pair. Generally, the different magnitudes of divergence can result from differences Campbell River, the marine and stream ecotypes are parapatric, with their hybrid zone existing in the midstream (Hagen, 1967) , whereas the stream habitat in Gifu, Japan, is isolated from the sea, making the gene flow between marine and stream ecotypes unlikely (Kitano & Mori, 2016; Mori, 1997) . The time of freshwater colonization in British Columbia, Canada, is thought to be postglacial (Bell & Foster, 1994) , whereas that of the Japanese stream population was estimated to be much older, such as 0.37-0.43 million years ago, by an analysis of mitochondrial cytochrome b sequence (Watanabe, Mori, & Nishida, 2003) . Therefore, differences in both gene flow and divergence time may explain the difference in the DEG number between the Canadian and Japanese pairs. A further phylogenomic analysis will enable us to more precisely estimate both the time of freshwater colonization and the magnitude of gene flow between the stream and neighboring marine populations, as previously conducted in other stickleback systems (Marques, Jones, Di Palma, Kingsley, & Reimchen, 2018; Ravinet et al., 2018; Roesti, Kueng, Moser, & Berner, 2015) . In addition, given the fact that an antiparallel DEG was equally common as a parallel DEG in a previous study , it is necessary to investigate the transcriptome of other stickleback systems to understand the prevalence of parallel and antiparallel types of transcriptome evolution.
Mutations that occur on the same chromosome contribute more to the transcriptome divergence between the Canadian marine and stream ecotypes, regardless of whether the gene expression differences between ecotypes showed parallel patterns, antiparallel patterns, or neither. If we assume that the majority of the eQTLs on the same chromosomes are putatively cis-regulatory mutations, as reported in a previous study (Ponsuksili, Murani, Schwerin, Schellander, & Wimmers, 2010) , our data suggest that cis-regulatory mutations contribute more to the transcriptome evolution between ecotypes than trans-regulatory mutations. This contrasts with a previous work on the stickleback dental tissues, indicating that the contribution of trans-regulatory mutations is larger than cis-regulatory mutations to parallel gene expression changes (Hart et al., 2018) . Further analysis on tissues other than brains and dental tissues would help to understand whether different tissues have different mechanisms underlying parallel transcriptome evolution.
In addition to the uncertainty about whether each eQTL is cis-or trans-regulatory, several other caveats exist in our study. We conducted eQTL mapping only in the Canadian pair; therefore, we lack information on whether the eQTLs are shared between the Canadian and Japanese pairs or how these two pairs differ in the prevalence of cis-and trans-regulatory mutations. eQTL analysis in the Japanese pair is necessary to compare the genetic architecture between the Japanese and Canadian pairs. It should be noted however that even if eQTLs are shared, we are not sure whether the causative mutations are shared (Conte, Arnegard, Schluter, & Peichel, 2012; Rosenblum, Parent, & Brandt, 2014) . As in the case of Drosophila (Stern & Frankel, 2013) , multiple mutations may accumulate at a QTL, indicating that a single QTL does not mean a single mutation.
The identification of causative mutations underlying gene expression differences is essential for a better understanding of the molecular mechanisms of parallel transcriptome evolution. Because variation in the CSAD expression level could be explained by virtually a single locus (Figure 3) , it would be possible to further narrow down this QTL.
| Genes potentially important for stream adaptation
Some of the parallel DEGs are expected to be important for adaptation to stream habitats or more generally freshwater habitats. The genes encoding enzymes involved in taurine synthesis (CSAD and CTH) were expressed at higher levels in stream ecotypes than in marine ecotypes. Taurine plays diverse physiological roles, including osmoregulation (Huxtable, 1992) . It is a dominant osmolyte in sticklebacks and shows plastic changes in tissue concentrations depending on the environmental salinity (Divino et al., 2016; Gutz, 1970; Schaarschmidt, Meyer, & Jürss, 1999) . However, the inter-population variations in the taurine concentration and their response to salinity do not show clear patterns of parallelism and are also greatly influenced by environmental temperature (Gutz, 1970; Schaarschmidt et al., 1999) . Because the analyses of variations in the ability to synthesize taurine among fish species suggest that marine predatory fishes tend to lose the synthetic ability possibly because they can uptake taurine from their diets (Goto, Mochizuki, & Hasumi, 2002; Salze & Davis, 2015; Yokoyama, Takeuchi, Park, & Nakazoe, 2001) , divergent adaptation to diets may contribute to variations in taurine synthetic ability between ecotypes.
Other parallel DEGs included the genes encoding glycoprotein hydrolysis enzymes (GLA and HEXDC). A previous study showed divergent selection on a mucin gene between marine and freshwater sticklebacks . Because the functions of mucins include osmoregulation, anti-predation, and anti-pathogen (Shephard, 1994) , the adaptive divergence in mucins may exist between ecotypes, and GLA and HEXDC may regulate their production and/or degradation. Other parallel DEGs, such as ATRNL1 (Duke-Cohan et al., 1998) , IGFLR1 (Lobito et al., 2011) , and STAT3 (Chaudhry et al., 2009) , have been reported to play important roles in immune regulation. Because marine and stream habitats differ in the composition of parasites and their intermediate hosts (Wootton, 1976) , the differential expression of immune genes may be adaptive.
Some parallel DEGs are known to be involved in behavioral regulation. For example, cystatin B plays important roles in mammalian cerebellar development, and mutations in this gene show locomotor abnormality (Pennacchio et al., 1996) . Mutations in VPS53 also cause neurological symptoms, including locomotor abnormality (Feinstein et al., 2014) . STAT3 is important for brain functions, including serotonin (Kong et al., 2015) and leptin signaling (Feng et al., 2011) , which are both involved in locomotor regulation (Cabaj et al., 2017; Ribeiro et al., 2011) . Because marine and freshwater sticklebacks often differ in swimming locomotion (Kitano et al., 2012) , some of these parallel DEGs may contribute to behavioral differences between ecotypes.
The identification of causative mutations underlying gene expression differences in these genes and functional analysis of these genes will lead to a better understanding of the molecular mechanisms of parallel phenotypic evolution and the repeatability of evolution. 
ACK N OWLED G M ENTS
